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In this work, we systematically study the radiative decays and magnetic moments of the charmed and bottom
vector mesons with chiral perturbation theory up to one-loop level. We present the results in SU(2) and SU(3)
cases with the mass splitting in loop diagrams kept and unkept, respectively. The obtained decay rates for D∗
and B∗ mesons in SU(3) case with the mass splitting kept are: ΓD¯∗0→D¯0γ = 16.2+6.5−6.0 keV, ΓD∗−→D−γ = 0.73
+0.7
−0.3 keV,
ΓD∗−s →D−s γ = 0.32
+0.3
−0.3 keV, and ΓB∗+→B+γ = 0.58
+0.2
−0.2 keV, ΓB∗0→B0γ = 0.23
+0.06
−0.06 keV, ΓB∗0s →B0sγ = 0.04
+0.03
−0.03 keV. The
decay width for D∗− → D−γ is consistent with the experimental measurement. As a byproduct, the full widths
of D¯∗0 and D∗−s are Γtot(D¯
∗0) ' 77.7+26.7−20.5 keV and Γtot(D∗−s ) ' 0.62+0.45−0.50 keV, respectively. We also calculate the
magnetic moments of the heavy vector mesons. The analytical chiral expressions derived in our work shall be
helpful for the extrapolations of lattice QCD simulations in the coming future.
PACS numbers: 12.39.Fe, 12.39.Hg, 14.40.Nd, 14.40.Rt
I. INTRODUCTION
Electromagnetic form factors play a very important role in
mapping out the internal structures of nucleons, which offer
valuable information about the distribution of the constituent
quarks and gluon degree of freedom in nucleons [1–4]. Prob-
ing the shape and inner structure of hadrons still remain an in-
triguing and challenging topic. Especially, in recent decades,
a large number of exotic states were observed in experiments,
many of which cannot be readily reconciled with the predic-
tions of the conventional quark models [5–7].
Magnetic moments can be related to the form factors by
extrapolating the form factor GM(q2) to zero moment trans-
fer [8]. Unlike proton and neutron, vast majority of hadronic
states are unstable against strong interactions [9]. Thus, their
magnetic moments cannot be directly measured with the con-
ventional ways due to their very short lifetime. Therefore, the
radiative transition becomes a very effective way to help us
catch a glimpse of quark dynamics in the hadrons. In addi-
tion, the quark model cannot give the nonanalytic dependence
of the magnetic moments, such as the log X term. These terms
are much more difficult to naively estimate and may be some-
times singular to give the much enhanced contributions which
cannot be predicted accurately unless carefully calculated.
In this work, we focus on the charmed and bottom vector
mesons, i.e., (D¯∗0, D∗−, D∗−s ), and (B∗+, B∗0, B∗0s ). As a con-
sequence of heavy quark spin symmetry, the mass shifts be-
tween these spin triplets and singlets are generally small. Be-
cause of the small phase space, the dominant decay channels
are one-pion emission transitions and radiative decays for the
charmed vector mesons, while only radiative decays are al-
lowed for the bottom vector mesons.
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From Review of Particle Physics (RPP) [9], only the width
of D∗± → D±γ is known by combining the decay branching
ratio and the total width of D∗±. For the other radiative decay
modes, only the branching ratios are available, and the abso-
lute widths are still absent in experiments. Even worse, there
is no experimental information for the radiative transitions of
the B∗ mesons.
Many theoretical methods have been applied to study the
radiative decays of the D∗ and B∗ mesons, such as vari-
ous quark models [10–15], heavy quark effective theory and
vector meson dominance model [16], quark-potential mod-
els [17–22], QCD sum rules [23–25], lattice QCD simula-
tions [26], constituent quark-meson model [27], chiral ef-
fective field theory [28–31], extended Nambu-Jona-Lasinio
model [32, 33], and so on.
Here, we adopt the SU(3) chiral perturbation theory (χPT)
to investigate the radiative decay properties and magnetic mo-
ments of the D∗ and B∗ mesons. The framework of χPT has
been widely used to study the radiative decays and magnetic
moments of the charmed and bottom vector mesons1 [28–31],
the octet baryons [34, 35], the doubly charmed and bottom
heavy baryons [36–39], the singly heavy baryons [40–43], as
well as the related chiral quark-soliton model for singly heavy
baryons [44, 45]. In our calculations, we construct the effec-
tive Lagrangians with chiral symmetry and heavy quark sym-
metry up to O(p4). There are two independent low-energy
constants (LECs) at the leading order, which correspond to
the contributions from the light quark and heavy quark elec-
tromagnetic currents, respectively. These two LECs can be
estimated with quark model or other theoretical methods. The
1 In Refs. [28, 29], Cho et al and Cheng et al calculated the decay widths of
D∗ → Dγ and B∗ → Bγ at the tree level in the heavy hadron chiral theory,
respectively. Our Lagrangians are the same with Refs. [28, 29] at the
leading order. In Ref. [30], Amundson et al investigated the same process
with the same framework to the next-to-leading order. But the heavy quark
spin symmetry breaking effect is ignored.
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2contributions from the tree diagrams at the next-to-leading or-
der can be absorbed into the ones from the leading order. At
the next-to-next-to leading order, the tree diagram incorpo-
rates three independent LECs, which cannot be determined
due to lack of experimental data. We present our numerical
results up to O(p4), and consider the contributions from O(p4)
tree diagrams as errors.
Our numerical results are calculated both in SU(2) and
SU(3) cases with the mass splitting kept and unkept in loop di-
agrams. The partial decay widths of D∗− → D−γ predicted in
different scenarios are consistent with the experimental data.
This paper is organized as follows. The definitions of
the electromagnetic form factors and magnetic moments are
given in Sec. II. The effective Lagrangians are constructed in
Sec. III. The analytical expressions and numerical results for
the transition magnetic moments and magnetic moments are
presented in Sec. IV and Sec. V, respectively. A summary
is given in Sec. VI. Some supplemental materials for the B∗
mesons, the loop integrals and an estimation of the light quark
mass with the vector meson dominance model are collected in
Appendices A, B and C, respectively.
II. ELECTROMAGNETIC FORM FACTORS AND
MAGNETIC MOMENTS
We first consider the radiative transition process V → Pγ,
where V stands for the vector mesons (D∗ or B∗), and P de-
notes the pseudoscalar mesons (D or B). The M1 transition
form factor µ′(q2) can be defined through a covariant expres-
sion of the hadronic matrix elements [31],
〈P(p′)|Jµem(q2)|V(p, εV )〉 = eµ′(q2)µναβpνqαεVβ, (1)
where Jµem is the electromagnetic current at hadronic level.
qα = (p − p′)α is the transferred momentum, and εVβ denotes
the polarization vector of the initial vector meson.
The interaction Hamiltonian can then be written as
Hint =
∫
d3xeAµJ
µ
em, (2)
where Aµ is the photon field.
For a heavy meson M that is composed of a heavy anti-
quark Q¯ and a light quark q, the ground spin doublet (P, P∗)
can be represented by a 4 × 4 Dirac-type matrix H . We use
the H(p) and H(v) to denote the heavy meson fields in rela-
tivistic and heavy meson effective theory (HMET) convention,
respectively. They can be related with each other by
|H(p)〉 = √mH [|H(v)〉 + O(1/mH)] . (3)
Then, in the framework of HMET, Eq. (1) can be reexpressed
as
〈P(p′)|Jµem|V(p, εV )〉 = e√mVmPµ′(q2)µναβvνqαεVβ, (4)
where the recoil effect is negligible in the above equation.
With the above preparation, one can easily get the expres-
sion of the decay rate,
Γ
[
V → Pγ] = 1
3
∫
dΩqˆ
1
32pi2
|q|
m2V
∑
|M|2, (5)
whereM represents the transition amplitude, and a sum over
the final-state photon polarization and an average over the ini-
tial V polarization has been performed.
Explicitly, we have
Γ
[
V → Pγ] = α
3
mP
mV
∣∣∣µ′(0)∣∣∣2 |q|3, (6)
where α = 1/137 is the fine-structure constant. The transition
magnetic moment µV→Pγ can be defined as
µV→Pγ =
e
2
µ′(0). (7)
In the following, we derive the magnetic moment of a vec-
tor meson. The matrix element of Jµem(q2) are defined in terms
of the standard Lorentz covariant decomposition [46],
Gµ(q2) = 〈V(p′, ε′∗)|Jµem(q2)|V(p, ε)〉
= −G1(q2)(ε · ε′∗)(p + p′)µ
+G2(q2) [(ε · q)ε′∗µ − (ε′∗ · q)εµ]
+G3(q2) (ε · q)(ε
′∗ · q)
2m2V
(p + p′)µ. (8)
This expression can be simplified under Breit frame. In our
calculations, we define
qµ = (p − p′)µ = (0,Q), Q = Qzˆ, pµ = (p0, 12Q),
p′µ = (p0,− 12Q), −q2 = Q2 ≥ 0, p0 =
√
m2V +
1
4 Q
2.
A straightforward derivation under Breit frame gives the time
component of Gµ(q2) as
G0(Q2) = 2p0
{
GC(Q2)(ε · ε′∗) + GQ(Q
2)
2m2V
[
(ε ·Q)(ε′∗ ·Q)
−1
3
(ε · ε′∗)Q2
]}
, (9)
where GC and GQ represent charge and quadrupole form fac-
tors, respectively. In deriving Eq. (9), we have used the trans-
verse condition of the initial and final state polarization vec-
tors, i.e., p · ε = 0, and p′ · ε′∗ = 0.
Similarly, the space component of Gµ(q2) is
G(Q2) = G2(Q2) [(ε′∗ ·Q)ε − (ε ·Q)ε′∗]
= 2p0
GM(Q2)
2mV
[
(ε′∗ ·Q)ε − (ε ·Q)ε′∗] , (10)
where GM is the magnetic dipole form factor. The expressions
of GC , GQ and GM read
GC = G1 + 23ηGQ,
GQ = G3 + G2(1 + η)−1 + 12G1(1 + η)
−1,
GM = G2, (11)
where η = Q2/(4m2V ).
3III. EFFECTIVE LAGRANGIANS
A. The leading order chiral Lagrangians
We first introduce the Lagrangian of Goldstone bosons and
photon. The octet of the light pseudoscalar field is represented
by the field U(x) = eiφ/ fφ with
φ =

pi0 + 1√
3
η
√
2pi+
√
2K+√
2pi− −pi0 + 1√
3
η
√
2K0√
2K−
√
2K¯0 − 2√
3
η
 , (12)
where the η field denotes the octet η8. In the SU(3) quark
model, the η meson is regarded as the mixing of the octet η8
and singlet η0 with |η〉 = cos θ|η8〉 − sin θ|η0〉 [47], where θ '
−19.1◦ is determined by the experimental measurements [48,
49]. Because the mixing angle is not very large and the η field
only serves as the quantum fluctuations in the loops, so the
mixing effect is ignored in our calculations.
The definitions of the chiral connection and axial-vector
current are
Γµ ≡ 12
[
u†
(
∂µ − irµ
)
u + u
(
∂µ − ilµ
)
u†
]
, (13)
uµ ≡ i2
[
u†
(
∂µ − irµ
)
u − u
(
∂µ − ilµ
)
u†
]
, (14)
where
u2 = U = exp
(
iφ
fφ
)
, rµ = lµ = −eQAµ, (15)
and Q = Ql = diag(2/3,−1/3,−1/3) represents the electric
charge matrix of the light current J`µ,
J`µ =
2
3
u¯γµu − 13 d¯γµd −
1
3
s¯γµs. (16)
fφ is the decay constant of the light pseudoscalar mesons. The
experimental value of fφ for φ = pi,K, η are fpi = 92.4 MeV,
fK = 113 MeV, and fη = 116 MeV, respectively.
The leading order [O(p2)] Lagrangian for the interaction of
the light pseudoscalars and photon read [36–38]
L(2)φγ =
f 2φ
4
Tr
[
∇µU (∇µU)†
]
, (17)
where
∇µU = ∂µU − irµU + iUlµ. (18)
We use Tr(X) and 〈X〉 to denote the trace for X in flavor space
and spinor space, respectively.
We construct the effective Lagrangian for the heavy mesons
with the superfield H . For a heavy meson composed of a
heavy antiquark Q¯ and a light quark q, the superfield H is
defined as
H =
(
P∗µγ
µ + iPγ5
) 1 − /v
2
,
H¯ = γ0H†γ0 = 1 − /v
2
(
P∗†µ γ
µ + iP†γ5
)
, (19)
where for the charmed mesons
P = (D¯0,D−,D−s ), P
∗ = (D¯0∗,D∗−,D∗−s ), (20)
and for the bottom mesons
P = (B+, B0, B0s), P
∗ = (B∗+, B∗0, B∗0s ). (21)
The leading order Lagrangians for describing the interac-
tions between the heavy matter field and light pseudoscalars
are [50, 51]
L(1)Hφ = −i〈H¯v ·DH〉−
1
8
∆〈H¯σµνHσµν〉+ g〈H¯/uγ5H〉, (22)
where the covariant derivative Dµ = ∂µ + Γµ. Here, the
electric charge matrix in the Γµ should be replaced by those
corresponding to the heavy mesons. For instance, Q =
QD = diag(0,−1,−1) for (D¯∗0,D∗−,D∗−s ), and Q = QB =
diag(1, 0, 0) for (B∗+, B∗0, B∗0s ), respectively. The second term
in Eq. (22) is due to the mass difference between P and P∗,
and ∆ = mP∗ − mP stands for the mass splitting. g represents
the axial coupling constant. For the D meson, its value can be
extracted by the partial decay width of D∗+ → D0pi+ [9, 52],
while for the B meson, g can only be determined via the theo-
retical method, such as the quark model [31] and lattice QCD
[53, 54].
We also need the Lagrangians to describe the (transition)
magnetic moments at the tree level, which can be written as
[36–38]
L(2)Hγ = a˜〈H¯σµν f˜ +µνH〉 + a〈HσµνH¯〉Tr( f +µν), (23)
where a˜ and a are two LECs. The first and second terms cor-
respond to the contributions from the light quark and heavy
antiquark, respectively. The field strength tensor f˜ +µν and f
+
µν
are defined as
f Rµν = f
L
µν = −eQ
(
∂µAν − ∂νAµ
)
,
f ±µν = u
† f Rµνu ± u f Lµνu†,
f˜ ±µν = f
±
µν −
1
3
Tr( f ±µν), (24)
where Q = QD for the D mesons and Q = QB for the B
mesons, respectively. From Eq. (24) we can see that f˜ +µν is
proportional to Ql and traceless. f +µν is not traceless because it
contains the electric charge matrix of the heavy mesons. One
can also understand Eq. (23) from the standpoint of group rep-
resentation theory. Recall that 3 ⊗ 3¯ = 1 ⊕ 8, and the opera-
tor f˜ +µν transforms as the adjoint representation. Thus the two
terms in Eq. (23) correspond to 8 ⊗ 8 → 1 and 1 ⊗ 1 → 1,
respectively.
In the following, we construct the Lagrangian for the inter-
actions of the heavy mesons and light pseudoscalar mesons at
O(p2), which will contribute to the O(p4) magnetic moment at
the one-loop level [36–38],
L(2)Hφφ = ib〈H¯σµν[uµ, uν]H〉. (25)
4Actually, the tensor structure sandwiched between H¯ and H
in Eq. (25) can also be {uµ, uν} and Tr(uµuν). For the SU(3)
group representations,
3 ⊗ 3¯ = 1 ⊕ 8,
8 ⊗ 8 = 1 ⊕ 81 ⊕ 82 ⊕ 10 ⊕ 10 ⊕ 27. (26)
The axial-vector current uµ (or uν) transforms as the adjoint
representation, thus Tr(uµuν), [uµ, uν] and {uµ, uν} belong to 1,
81 and 82 flavor representations, respectively. But Tr(uµuν)
and {uµ, uν} would vanish when they are contracted with σµν
because of the symmetric Lorentz indices µ and ν. There-
fore, only one independent term containing [uµ, uν] survives
in Eq. (25).
B. The next-to-leading order chiral Lagrangians
The electromagnetic chiral Lagrangians at O(p3) read [43]
L(3)Hγ = −ic˜〈H¯σµνv · ∇ f˜ +µνH〉 − ic〈HσµνH¯〉v · ∇Tr( f +µν).
(27)
The structure is similar to those in Eq. (23). The possible con-
tributions that include covariant derivativeDµ can be absorbed
into the LECs c˜ and c with the equation of motion of the heavy
mesons. Meanwhile, the contributions from Eq. (27) can be
absorbed into Eq. (23) by renormalizing the LECs a˜ and a,
i.e.,
a˜ a˜ + c˜v · q, a a + cv · q. (28)
C. The next-to-next-to-leading order chiral Lagrangians
At this order, we also employ group representation methods
to construct the electromagnetic chiral Lagrangians (one can
find the possible flavor structures in Table I), the detailed form
reads [36–38]
L(4)Hγ = d˜〈Hσµνχ˜+H¯〉Tr( f +µν) + d¯〈H¯σµνH〉Tr( f˜ +µνχ˜+)
+d〈H¯σµν{χ˜+, f˜ +µν}H〉, (29)
where a spurion χ± is introduced as
χ = 2B0diag(mu,md,ms) = diag(m2pi,m
2
pi, 2m
2
K − m2pi),
χ± = u†χu† ± uχ†u.
At the leading order,
χ+ = diag(2m2pi, 2m
2
pi, 4m
2
K − 2m2pi),
χ˜+ = χ+ − 13Tr(χ+). (30)
In principle, there should be six independent terms in Eq. (29)
as the possible flavor structures listed in Table I. However, the
terms Tr(χ+)Tr( f +µν) and Tr(χ+) f˜
+
µν can also be absorbed into
Eq. (23) by renormalizing a˜ and a, respectively. Another term
[χ˜+, f˜ +µν] vanishes since both χ˜+ and f˜
+
µν are diagonal matrices
at the leading order. Therefore, only three terms are retained
in Eq. (29).
IV. RADIATIVE TRANSITIONS
A. Power counting and analytical expressions for the
transition from factors
The standard power counting scheme gives the chiral order
of a Feynman diagram as
O = 4NL − 2IM − IH +
∑
n
nNn, (31)
where NL, IM and IH are the numbers of loops, internal light
pseudoscalar lines and internal heavy meson lines, respec-
tively. Nn is the number of vertices governed by the nth order
Lagrangians. Usually, the order of the (transition) magnetic
moment is
Oµ = O − 1. (32)
Therefore, the transition form factors of V → Pγ can be ex-
pressed as follows,
µ′V→Pγ =
[
µ′(1)tree
]
+
[
µ′(2)loop
]
+
[
µ′(3)tree + µ
′(3)
loop
]
, (33)
where the numbers in the parentheses are the chiral order Oµ.
( )a ( )b
FIG. 1: The diagrams for the V → Pγ transitions at the tree level.
The thick solid, thin solid, and wiggly lines represent the vector me-
son V , pseudoscalar meson P, and photon γ, respectively. The solid
circle and solid square in figures (a) and (b) correspond to the O(p2)
and O(p4) vertices, respectively.
We first study the V → Pγ transitions. The tree dia-
grams are illustrated in Fig. 1. Expanding the Lagrangians in
Eqs. (23) and (29) we can easily get the transition amplitudes
of Figs. 1(a) and 1(b), respectively. We can extract the q2-
independent form factor µ′ at the tree level by comparing the
transition amplitudes with Eqs. (1) and (4). The expressions
read
µ′(a)
D¯∗0→D¯0γ =
16
3
(a˜ − 3a), (34)
µ′(a)D∗−→D−γ = −
8
3
(a˜ + 6a), (35)
µ′(a)D∗−s →D−s γ = −
8
3
(a˜ + 6a), (36)
µ′(b)
D¯∗0→D¯0γ = −
32
9
(m2K − m2pi)(−6d˜ + 3d¯ + 4d), (37)
µ′(b)D∗−→D−γ = −
32
9
(m2K − m2pi)(−6d˜ + 3d¯ − 2d), (38)
µ′(b)D∗−s →D−s γ = −
32
9
(m2K − m2pi)(12d˜ + 3d¯ + 4d). (39)
5TABLE I: The possible flavor structures of the O(p4) Lagrangians that contribute to the magnetic moments.
Group representations 1 ⊗ 1→ 1 1 ⊗ 8→ 8 8 ⊗ 1→ 8 8 ⊗ 8→ 1 8 ⊗ 8→ 81 8 ⊗ 8→ 82
Flavor structures Tr(χ+)Tr( f +µν) Tr(χ+) f˜
+
µν χ˜+Tr( f
+
µν) Tr(χ˜+ f˜
+
µν) [χ˜+, f˜
+
µν] {χ˜+, f˜ +µν}
We show the analytical expressions for the D mesons, and
display the expressions for the B mesons in Appendix A.
The one-loop Feynman diagrams that contribute to the tran-
sition processes are shown in Fig. 2. Here, we need to deal
with the loop integrals when extracting the q2-dependent form
factors from the transition amplitudes. Various types of loop
integralsJ have been defined and given in Appendix B. In the
following, we list the transition form factors of Figs. 2(a)-2( j)
with a compact form, correspondingly.
µ′(a) =
∑
φ
C(a)φ
g2
f 2φ
{
JT21(mφ,E, q)
}
r
, (40)
µ′(b) =
∑
φ
C(b)φ
a˜
f 2φ
{
Jc0(mφ)
}
r
, (41)
µ′(c) =
∑
φ
C(c)φ
b
f 2φ
{
JF22(mφ, q)
}
r
, (42)
µ′(d) =
∑
φ
C(d)φ
g2
f 2φ
{
Jg22(mφ,E,E − q0)
}
r
, (43)
µ′(e) =
∑
φ
C(e)φ
g2
f 2φ
{
Jg22(mφ,E + ∆,E − q0)
}
r
, (44)
µ′( f ) = µ(g) = 0, (45)
µ′(h) =
∑
φ
C(h)φ
g2
f 2φ
{
(1 − D)∂ωJa22(mφ, ω)
∣∣∣
ω→−∆
}
r
, (46)
µ′(i)+( j) =
∑
φ
C(i j)φ
g2
f 2φ
{ [
∂ωJa22(mφ, ω) + 2∂δJa22(mφ, δ)
]
∣∣∣∣∣δ→E
ω→E+∆
}
r
, (47)
where the summations over φ denote the possible contribu-
tions from the light pseudoscalars (φ could be pi, K, η) in the
loops. C(x)φ (x = a, . . . , j) are the flavor-dependent coefficients,
and their values are given in Tables II-III. In the J functions,
mφ is the mass of the corresponding particle in the loop. E
is the residual energy of heavy mesons, which is defined as
E = ED(∗) − mD(∗) . E is set to be zero in our calculations. q
denotes the transferred momentum carried by the photon. D
is the dimension in dimensional regularization. {X}r repre-
sents the finite part of X, which is defined in Appendix B. The
coefficients C(i j)φ can be obtained via the relation
C(i j)φ = −C(h)φ . (48)
B. Estimation of the leading order LECs
In µ′(1)tree, there exist two O(p2) LECs a˜ and a (see Eq. (23)).
Another O(p2) LEC b (see Eq. (25)) resides in µ′(3)loop. In the
following, we estimate the values of a˜, a and b with the quark
model and resonance saturation model, respectively. It is hard
to determine the other higher-order LECs (d˜, d¯, and d) in µ′(3)tree
for the moment because of very limited experimental data.
Therefore, we consider the contributions from µ′(3)tree as errors
of our numerical results.
We first demonstrate how to determine a˜ and a from the
scenario of constituent quark model. In this model, the transi-
tion matrix element of V → Pγ in the rest frame of the initial
state can be written as [29]
〈P|Lem|V〉 = 2√mVmP〈P|
∑
i
ei
2mi
σ|V〉 · B, (49)
where ei and mi are the electric charge and mass of ith quark in
the heavy meson, σ and B are the Pauli matrix and magnetic
field, respectively. For simplicity, we choose the direction of
the magnetic field B along the z axis. In order to work out
Eq. (49), we need the flavor-spin wave functions of V and P,
which read
|V〉 = 1√
2
|Q¯ ↑ q ↓ +Q¯ ↓ q ↑〉, (50)
|P〉 = 1√
2
|Q¯ ↑ q ↓ −Q¯ ↓ q ↑〉. (51)
Inserting Eqs. (50) and (51) into Eq. (49), one can obtain
〈P|Lem|V〉 = 2√mVmP(µQ¯ − µq), (52)
where µi = ei/(2mi). Matching Eq. (52) with the leading order
transition amplitudes (i.e., replacing the µ′(q2) in Eq. (4) with
the expressions in Eqs. (34)-(36), and making use of Bk(q) =
−i i jkqiA j(q)), one can easily get
a˜ = − 1
8mq
, a =
1
24mQ¯
, (53)
where mq and mQ¯ are the masses of light constituent quark
and heavy antiquark in heavy mesons (in Appendix C we also
give an estimation of the light quark mass with vector meson
dominance model), respectively.
Next, we evaluate the value of LEC b in Eq. (25) using
the resonance saturation model [55, 56]. A diagrammatic pre-
sentation of the resonance saturation scheme is illustrated in
Fig. 3. We need the interaction Lagrangians for VPρ and
ρpipi (φKK). The VPρ Lagrangian can be obtained with lo-
cal hidden symmetry [31], which reads
LHρ = iβ〈H¯vµ(Vµ − ρµ)H〉 + iλ〈H¯σµνFµν(ρ)H〉, (54)
6( )a ( )b ( )c ( )d ( )e
( )f ( )g ( )h ( )i ( )j
FIG. 2: The diagrams for the V → Pγ transitions at the one-loop level, where the dashed line represents the light pseudoscalar mesons. Other
notations are same as those in Fig. 1.
TABLE II: The flavor-dependent coefficients C(x)φ (x = a, . . . , d) in Eqs. (40)-(43) for the D¯∗ mesons.
Decay modes C(a)pi C(a)K C(b)pi C(b)K C(c)pi C(c)K C(d)pi C(d)K C(d)η
D¯∗0 → D¯0γ 2 2 −4 −4 4 4 24a 83 (6a − a˜) 89 (3a + a˜)
D∗− → D−γ −2 0 4 0 −4 0 4(6a + a˜) 83 (6a − a˜) 49 (6a − a˜)
D∗−s → D−s γ 0 −2 0 4 0 −4 0 83 (12a + a˜) 169 (6a − a˜)
( )a ( )b
2 2
vq m
FIG. 3: A diagrammatic presentation of the resonance saturation
scheme. The thick wiggly line in figure (a) denotes the light vec-
tor meson ρ or φ, and other notations are same as those in Fig. 2.
where
Fµν(ρ) = ∂µρν − ∂νρµ + [ρµ, ρν], ρµ = i gv√
2
ρˆµ, (55)
and
ρˆµ =

ρ0+ω√
2
ρ+ K∗+
ρ− −ρ0+ω√
2
K∗0
K∗− K¯∗0 φ

µ
. (56)
The ρpipi (φKK) Lagrangian reads [31]
Lvφ = f 2φ aTr(Γ(0)µ ρµ + ρµΓ(0)µ ), a = 2, (57)
where the expression of Γ(0)µ can be extracted from the chiral
connection defined in Eq. (13) by omitting the photon field.
With the above preparations, we use the amplitude of
Fig. 3(a) governed by Lagrangians in Eqs. (54) and (57) to
match the amplitude of Fig. 3(b) depicted by the Lagrangian
in Eq. (25). We can get the b explicitly
b = −2λg
2
v f
2
φ
m2v
, (58)
where gv = 5.8, λ = 0.56 GeV−1 [57]. mv is the mass of the
exchanged light vector meson, such as mρ = 0.77 GeV, and
mφ = 1.02 GeV [9]. The sign of b is determined with the
quark model.
The numerical values of the parameters are [9, 36–38, 52,
53]
mpi = 0.139 GeV, mK = 0.494 GeV, mη = 0.548 GeV,
mu = md = 0.336 GeV, ms = 0.54 GeV,
mc = 1.66 GeV, mb = 4.73 GeV,
g =
{
0.59 ± 0.01 ± 0.07 for D∗Dpi coupling
0.516 ± 0.05 ± 0.033 for B∗Bpi coupling ,
∆ =
{
0.142 GeV for mD∗0 − mD0
0.045 GeV for mB∗0 − mB0 . (59)
Since the masses of the mesons have been precisely measured
in experiments [9], so we don’t quote their minor errors. The
masses of the constituent quarks are adopted from previous
works [36–38]. Generally, it’s hard to give the errors of the
7TABLE III: The flavor-dependent coefficients C(x)φ (x = e, . . . , j) in Eqs. (44)-(47) for the D¯∗ mesons.
Decay modes C(e)pi C(e)K C(e)η C(h)pi C(h)K C(h)η
D¯∗0 → D¯0γ 12a 43 (6a + a˜) 49 (3a − a˜) 2(a˜ − 3a) 43 (a˜ − 3a) 29 (a˜ − 3a)
D∗− → D−γ 2(6a − a˜) 43 (6a + a˜) 29 (6a + a˜) −(a˜ + 6a) − 23 (a˜ + 6a) − 19 (a˜ + 6a)
D∗−s → D−s γ 0 43 (12a − a˜) 89 (6a + a˜) 0 − 43 (a˜ + 6a) − 49 (a˜ + 6a)
masses of the constituent quarks, because these values used in
different quark models vary a lot some times. In this work, we
try to give a conservative estimation by setting the 10% × mq
as the parameter errors. The axial constant g for D∗Dpi cou-
pling is extracted from the experimental result of the CLEO
Collaboration [52]. The B∗Bpi coupling is quoted from the
unquenched lattice result [53].
C. Numerical results and discussions
With the parameters listed above, we first show the transi-
tion magnetic moments of V → Pγ calculated under SU(2)
and SU(3) symmetries2 in the upper half parts of Tables X
and XI, correspondingly. In Tables X and XI, the transition
magnetic moments µV→Pγ are given order by order. As ex-
pected, the convergence of the chiral expansion in the SU(2)
case is better than that in SU(3). Besides, we also calculate
the µV→Pγ with the mass splitting ∆ in the propagators of the
loop diagrams kept and unkept. The influence of ∆ in the
charm sector is more significant than that in the bottom sector
because the mass difference of the charmed mesons is larger
than that of the bottom mesons.
In the SU(2) case, the mass splitting ∆ only appears in the
loop diagrams. The transition magnetic moments at Oµ(p1)
remain unchanged no matter we choose ∆ = 0 or ∆ , 0. At
Oµ(p2), the correction from the finite mass splitting (∆ , 0)
is about 40% and 20% for µD¯∗→D¯γ and µB∗→Bγ, respectively.
Such a correction is also significant at Oµ(p3). Similar be-
havior is observed in the SU(3) case at each order. In Ta-
ble IV, we show the contribution of each loop diagram to
the transition magnetic moment of D¯∗0 → D¯γ in different
cases. The contributions of the diagrams 2( f ) and 2(g) van-
ish in the heavy quark limit. Except for the diagrams 2(b) and
2(c), other diagrams that contain the heavy meson internal line
are effected by the mass splitting ∆. For the charmed vector
mesons, ∆ > mpi, so the loop integrals with the nonanalytic
structures log y
2+m2pi−∆2−iε
λ2
and
√
m2pi − ∆2 − iε (see Appendix
B) would largely impact the numerical result. This is vividly
reflected in Table IV. However, for the bottom vector mesons,
2 Here, SU(2) and SU(3) symmetries only imply the effective Lagrangians
are constructed under these two symmetries. The SU(3) breaking effect is
included explicitly in our calculations. For example, we use the mu,d,s and
the physical masses of pi, K and η in Eq. (59) as inputs.
∆ ' 1/3mpi, so the influence of ∆ on the bottom sector is not
so obvious.
The corresponding decay widths evaluated in different
cases are illustrated in Table VI. The errors in our calculations
can stem from many sources, such as quark masses, hadron
masses, coupling constants, higher order contributions and so
on. As shown in the RPP [9], the errors of the hadron masses
appeared in this work are very small, so we ignore their ef-
fects. Meanwhile, the axial coupling constant extracted from
the experiments and lattice QCD are also very small. Further-
more, the convergence of chiral expansion works very well
in our calculations. Therefore, we consider two main error
sources. The first one is the contribution of the O(p4) La-
grangians (see Eq. (29)). Since the LECs in Eq. (29) cannot be
fixed at present, we adopt the nonanalytic dominance approx-
imation to give an estimation of the O(p4) tree diagram [58].
The second one is the uncertainty from the quark models. For
example, the masses of constituent quarks are different in var-
ious models (see Table V). We take this uncertainty into ac-
count. The change of the quark masses would lead to a 10%
variation of the leading order LECs.
From Table VI, we see that the decay rate for D∗− → D−γ
calculated in different scenarios all agrees with the experimen-
tal data. The branching ratios for the other decay channels
cannot be obtained due to the absence of the total widths of
these states in experiments at present. We also compare our
results with other model predictions, such as light-front quark
model [14], relativistic independent quark model [15], rela-
tivistic quark model [19] and QCD sum rules [25]. The results
in these literatures are consistent with our calculations. Fur-
thermore, the results from the extended Bag model [21, 22],
lattice QCD simulations [26] and extended Nambu-Jona-
Lasinio model [32] are also compatible with ours.
Up to now, only the full width of D∗± and the branching
ratio of D∗± → D±γ are available in RPP [9]. The life time of
D¯∗0 and D∗−s has not been measured yet. The convergence of
the chiral expansion for transition magnetic moments calcu-
lated in SU(3) case with ∆ , 0 is very reasonable. Therefore,
as a byproduct, we use the following relation with our results
in SU(3) and ∆ , 0 as inputs to estimate the full widths of
these two states,
Br(D∗± → D±γ)expt
Br(D¯∗0 → D¯0γ)expt =
Γ(D∗± → D±γ)
Γ(D¯∗0 → D¯0γ)
Γtot(D¯∗0)
Γtot(D∗±)
, (60)
where the total width Γtot(D¯∗0) in the above equation can be
extracted with the predicted Γ(D¯∗0 → D¯0γ). Analogously,
Γtot(D∗±s ) can also be calculated with the same way as in the
8TABLE IV: The contribution of each loop diagram to the transition magnetic moment of D¯∗0 → D¯γ in different cases (in units of µN).
Cases (a) (b) (c) (d) (e) ( f ) (g) (h) (i + j)
SU(2)
∆ = 0 0.21 −0.085 0.062 0.012 0.006 0 0 −0.045 −0.053
∆ , 0 0.29 −0.085 0.062 −0.0016 0.0021 0 0 0.073 −0.0082
SU(3)
∆ = 0 0.71 −0.37 0.27 0.088 −0.00017 0 0 −0.13 −0.19
∆ , 0 0.81 −0.37 0.27 0.033 −0.0038 0 0 0.13 −0.19
TABLE V: The masses of the constituent quarks adopted in different
works (in units of GeV).
mu md ms mc mb
Kamal [11] 0.34 0.34 0.55 1.8 · · ·
Ebert [19] 0.33 0.33 0.5 1.55 4.88
Cheng [29] 0.338 0.322 0.51 1.6 5.0
Eichten [59] 0.335 0.335 0.45 1.84 5.17
case of D¯∗0. The full widths of D¯∗0 and D∗−s are estimated to
be
Γtot(D¯∗0) ' 77.7+26.7−20.5 keV, Γtot(D∗−s ) ' 0.62+0.45−0.50 keV, (61)
respectively.
V. MAGNETIC MOMENTS
The anomalous magnetic moments of nucleons reveal that
the proton and neutron are not elementary particles and they
have internal substructures. As in the case of nucleons, the
magnetic moments of D∗ and B∗ also encode important infor-
mation of their underlying substructures.
A. Analytical expressions for the magnetic moments
We have studied the radiative transitions V → Pγ in previ-
ous section. The decay rate for D∗− → D−γ is consistent with
the experimental data. So we adopt the same set of parameters
to calculate the magnetic moments of the D∗ and B∗ mesons.
The O(p2) and O(p4) tree level Feynman diagrams that con-
tribute to the magnetic moments are displayed in Fig. 4.
In the following, we write out the magnetic moments of the
D∗ mesons from Figs. 4(a) and 4(b),
µ(a)
D¯∗0 = −
8
3
e(a˜ + 3a), (62)
µ(a)D∗− = −
4
3
e(−a˜ + 6a), (63)
µ(a)D∗−s
= −4
3
e(−a˜ + 6a), (64)
( )a ( )b
FIG. 4: Tree level Feynman diagrams that contribute to the magnetic
moments of the heavy vector mesons. Notations are same as those in
Fig. 1.
µ(b)
D¯∗0 =
16
9
e(m2K − m2pi)(6d˜ + 3d¯ + 4d), (65)
µ(b)D∗− =
16
9
e(m2K − m2pi)(6d˜ + 3d¯ − 2d), (66)
µ(b)D∗−s
=
16
9
e(m2K − m2pi)(−12d˜ + 3d¯ + 4d). (67)
The magnetic moments from the one-loop diagrams in
Fig. 5 are given as
µ(a) =
∑
φ
eC(a)φ
g2
f 2φ
JT21(mφ,E + ∆, q), (68)
µ(b) =
∑
φ
eC(b)φ
g2
f 2φ
JT21(mφ,E, q), (69)
µ(c) =
∑
φ
eC(c)φ
a˜
f 2φ
Jc0(mφ), (70)
µ(d) =
∑
φ
eC(d)φ
b
f 2φ
JF22(mφ, q), (71)
µ(e) =
∑
φ
eC(e)φ
g2
f 2φ
Jg22(mφ,E + ∆,E − q0), (72)
µ( f ) =
∑
φ
eC( f )φ
g2
f 2φ
Jg22(mφ,E,E + ∆ − q0), (73)
µ(g) =
∑
φ
eC(g)φ
g2
f 2φ
Jg22(mφ,E,E − q0), (74)
µ(h) = µ(i) = µ( j) = µ(k) = 0, (75)
µ(l)+(m) = µ(n)+(o) =
∑
φ
eC(lm)φ
g2
f 2φ
{[
∂ωJa22(mφ, ω)
9TABLE VI: The radiative decay widths for V → Pγ (in units of keV). Brexpt and Γexpt denote the branching ratio and decay width measured in
experiments. Γ1,...,4 are the model predictions.
Decay modes
SU(2) SU(3) Experimental data and model predictions
∆ = 0 ∆ , 0 ∆ = 0 ∆ , 0 Brexpt
∣∣∣Γexpt [9] Γ1 [14] Γ2 [15] Γ3 [19] Γ4 [25]
D¯∗0 → D¯0γ 30.0+7.3−6.6 23.9+5.0−6.3 22.9+8.2−7.0 16.2+6.5−6.0 (38.1 ± 2.9)%
∣∣∣ · · · 20.0 ± 0.3 26.5 11.5 12.9 ± 2
D∗− → D−γ 1.0+0.9−0.6 0.5+0.5−0.4 1.8+1.3−0.9 0.73+0.7−0.3 (1.6 ± 0.4)%
∣∣∣1.33 ± 0.33 0.9 ± 0.02 0.93 1.04 0.23 ± 0.1
D∗−s → D−s γ · · · · · · 0.15+0.5−0.1 0.32+0.3−0.3 (94.2 ± 0.7)%
∣∣∣ · · · 0.18 ± 0.01 0.21 0.19 0.13 ± 0.05
B∗+ → B+γ 0.75+0.2−0.2 0.71+0.2−0.2 0.63+0.2−0.2 0.58+0.2−0.2 · · ·
∣∣∣ · · · 0.4 ± 0.03 0.58 0.19 0.13 ± 0.03
B∗0 → B0γ 0.19+0.05−0.05 0.18+0.05−0.05 0.25+0.06−0.06 0.23+0.06−0.06 · · ·
∣∣∣ · · · 0.13 ± 0.01 0.18 0.07 0.38 ± 0.06
B∗0s → B0sγ · · · · · · 0.05+0.03−0.03 0.04+0.03−0.03 · · ·
∣∣∣ · · · 0.068 ± 0.017 0.12 0.05 0.22 ± 0.04
( )a ( )b ( )c ( )e
( )f ( )h
( )k
( )j
( )n ( )o
( )d
( )g ( )i
( )l ( )m
FIG. 5: One-loop Feynman diagrams that contribute to the magnetic moments of the heavy vector mesons. Notations are the same as those in
Fig. 2.
+2∂δJa22(mφ, δ)
]∣∣∣∣∣δ→E
ω→E+∆
}
r
, (76)
where the values of the coefficients C(x)φ (x = a, . . . , o) for the
D∗ mesons are listed in Tables VII-VIII. In Eqs. (68) and (69),
we have used the relation JT31 = − 12JT21 when q2 = 0 [58].
The unlisted coefficients C(b)φ and C( f )φ can be obtained by the
relation
C(b)φ = C(a)φ , C( f )φ = C(e)φ . (77)
Analogous to the transition form factors µ′V→Pγ in Eq. (33),
the magnetic moments µV can be written as
µV =
[
µ(1)tree
]
+
[
µ(2)loop
]
+
[
µ(3)tree + µ
(3)
loop
]
, (78)
where µ(1)tree, µ
(2)
loop and µ
(3)
loop can be calculated by using the pa-
rameters in Eq. (59) as inputs.
B. Numerical results and discussions
The numerical results for the magnetic moments µV calcu-
lated in the SU(2) and SU(3) cases are given order by order in
the lower half parts of Tables X and XI, respectively. We see
that the convergence of the chiral expansion in the SU(2) case
remains very good and the convergence is also reasonable in
SU(3).
In the SU(2) case, the magnetic moments at Oµ(p1) are in-
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TABLE VII: The flavor-dependent coefficients C(x)φ (x = a, c, d, e) in Eqs. (68)-(72) for the D¯∗ mesons.
States C(a)pi C(a)K C(c)pi C(c)K C(d)pi C(d)K C(e)pi C(e)K C(e)η
D¯∗0 − 12 − 12 2 2 −2 −2 6a 23 (6a + a˜) 29 (3a − a˜)
D∗− 12 0 −2 0 2 0 6a − a˜ 23 (6a + a˜) 19 (6a + a˜)
D∗−s 0
1
2 0 −2 0 2 0 23 (12a − a˜) 49 (6a + a˜)
TABLE VIII: The flavor-dependent coefficients C(x)φ (x = g, l + m) in Eqs. (74)-(76) for the D¯∗ mesons.
States C(g)pi C(g)K C(g)η C(lm)pi C(lm)K C(lm)η
D¯∗0 6a 23 (6a − a˜) 29 (3a + a˜) (a˜ + 3a) 23 (a˜ + 3a) 19 (a˜ + 3a)
D∗− 6a + a˜ 23 (6a − a˜) 19 (6a − a˜) 12 (6a − a˜) 13 (6a − a˜) 118 (6a − a˜)
D∗−s 0
2
3 (12a + a˜)
4
9 (6a − a˜) 0 23 (6a − a˜) 29 (6a − a˜)
dependent of ∆. The ∆ , 0 correction reduces the µV at
Oµ(p2) and Oµ(p3). Consequently, the total results are in-
creased. In the heavy quark limit, there exists a strict relation-
ship between µV and µV→Pγ at each order, i.e., |µV | = |µV→Pγ|
when we take D = 4 and ∆ = 0 in the loop functions. Both
the radiative transitions and magnetic moments of the heavy
vector mesons are solely governed by the light quark since the
heavy quark decouples completely.
In the SU(3) case, one notices the similar variation trend at
Oµ(p2) as in SU(2). At Oµ(p3), there is a moderate increase-
ment when the mass splitting is included. The total results are
enhanced in the ∆ , 0 case. It’s interesting to diagnose the
convergence of the chiral expansion for magnetic moments
from a straightforward dimensional analysis.
The magnetic moments µV at the leading order (LO), next-
to-leading order (NLO), and next-to-next-to-leading order
(NNLO) can be parameterized as follows,
LO : A
1
mq
+ B
1
mQ
,
NLO : C
mφ
Λ2χ
,
NNLO :
(
D
1
mq
+ E
1
mQ
)
× m
2
φ
Λ2χ
, (79)
where the coefficients A, . . . , E are order-one dimensionless
constants. Λχ ∼ 1 GeV denotes the chiral breaking scale.
For the D∗− and B∗0 mesons, the internal light pseudoscalar
lines in the O(p3) loop diagrams (Figs. 5(a) and 5(b)) can only
be the charged pions. But for the O(p4) wave function renor-
malization diagrams (Figs. 5(l)-5(o)), K and η would con-
tribute to the loops. Since mK/mpi ' 3.5 and mη/mpi ' 4.0,
the O(p4) contribution would be enhanced to the same magni-
tude as the O(p3) correction from the SU(3) violation effect.
Let’s take the D∗− meson as an example. In the strict heavy
quark limit, the contributions of Figs. 5(a) and 5(b) are equal.
However, for the charmed mesons, the mass splitting ∆ > mpi.
Hence the amplitudes of Figs. 5(a) and 5(b) are of similar size
but with opposite sign, which makes the contributions of these
two diagrams for D∗− largely cancel with each other. This ef-
fect does not contribute to the transition magnetic moments,
because there is only a single one-loop diagram with ∆ = 0
at O(p3) level (see Fig. 2(a)). Moreover, the influence of the
mass splitting on the magnetic properties of the B∗ is not ob-
vious due to ∆  mφ in the bottom sector.
The magnetic moments for the D¯∗ and B∗ mesons calcu-
lated in different cases are shown in Table IX, where the er-
rors also stem from µ(3)tree, i.e., O(p4) Lagrangians and quark
models. The magnetic moments of the vector Q¯u, Q¯d and
Q¯s states given by the bag model [20, 22] and Nambu-Jona-
Lasinio model [33] are compatible with our predictions.
VI. SUMMARY
For the ground vector Q¯q states, heavy quark spin symme-
try implies the mass splitting between the spin triplets V and
spin singlets P is very small, which is of the same order as
the pion mass mpi. Thus the decay modes of V are largely
restricted. For the ground-state charmed vector mesons, the
dominant decay channels are V → Ppi and V → Pγ. For the
bq¯ states, the only dominant decay modes are V → Pγ.
In this work, we calculate the decay rates of V → Pγ
for the charmed and bottom vector mesons. Our result for
D∗− → D−γ is in accordance with the experimental measure-
ment. We also investigate the convergence of the chiral ex-
pansion of the transition magnetic moments in the SU(2) and
SU(3) cases with the mass splitting kept and unkept. The re-
sults indicate that the convergence in SU(2) case is very good,
and it is reasonable for SU(3) likewise. The effect of the mass
splitting for the charmed mesons is more significant than that
for the bottom mesons. The radiative decay widths of the D∗
and B∗ mesons from other theoretical models and lattice QCD
simulations also are consistent with ours. As a byproduct, the
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TABLE IX: The magnetic moments of the charmed and bottom vector mesons (in units of nucleon magnetons µN), and a comparison with the
Bag model (Bag), extended Nambu-Jona-Lasinio model (NJL) and extended Bag model (Extended Bag) predictions.
States
SU(2) SU(3) The results from other theoretical works
∆ = 0 ∆ , 0 ∆ = 0 ∆ , 0 Bag [20] NJL [33] Extended Bag [22]
D¯∗0 1.38+0.25−0.25 1.60
+0.25
−0.25 1.18
+0.25
−0.25 1.48
+0.22
−0.38 0.89 · · · 1.28
D∗− −1.14+0.15−0.15 −1.39+0.15−0.15 −1.31+0.20−0.15 −1.62+0.24−0.08 −1.17 −1.16 −1.13
D∗−s · · · · · · −0.62+0.15−0.15 −0.69+0.22−0.10 −1.03 −0.98 −0.93
B∗+ 1.86+0.25−0.25 1.90
+0.20
−0.20 1.71
+0.25
−0.25 1.77
+0.25
−0.30 1.54 1.47 1.56
B∗0 −0.75+0.11−0.11 −0.78+0.11−0.11 −0.87+0.13−0.11 −0.92+0.15−0.11 −0.64 · · · −0.69
B∗0s · · · · · · −0.25+0.11−0.11 −0.27+0.13−0.10 −0.47 · · · −0.51
TABLE X: The transition magnetic moments and magnetic moments of the charmed and bottom vector mesons calculated in the SU(2) case
order by order (in units of µN).
Physical quantity
∆ = 0 ∆ , 0
Oµ(p1) Tree Oµ(p2) Loop Oµ(p3) Loop Total Oµ(p1) Tree Oµ(p2) Loop Oµ(p3) Loop Total
µD¯∗0→D¯0γ −2.24 0.21 −0.10 −2.13 −2.24 0.29 0.04 −1.91
µD∗−→D−γ 0.55 −0.21 0.05 0.39 0.55 −0.29 0.02 0.28
µB∗+→B+γ −1.80 0.16 −0.09 −1.73 −1.80 0.19 −0.07 −1.68
µB∗0→B0γ 0.99 −0.16 0.046 0.88 0.99 −0.19 0.04 0.84
µD¯∗0 1.48 −0.21 0.11 1.38 1.48 0.07 0.05 1.60
µD∗− −1.31 0.21 −0.05 −1.14 −1.31 −0.07 −0.007 −1.39
µB∗+ 1.93 −0.16 0.09 1.86 1.93 −0.13 0.09 1.90
µB∗0 −0.86 0.16 −0.05 −0.75 −0.86 0.13 −0.05 −0.78
TABLE XI: The transition magnetic moments and magnetic moments of charmed and bottom vector mesons calculated in the SU(3) case order
by order (in units of µN).
Physical quantity
∆ = 0 ∆ , 0
Oµ(p1) Tree Oµ(p2) Loop Oµ(p3) Loop Total Oµ(p1) Tree Oµ(p2) Loop Oµ(p3) Loop Total
µD¯∗0→D¯0γ −2.24 0.71 −0.34 −1.86 −2.24 0.81 −0.13 −1.57
µD∗−→D−γ 0.55 −0.21 0.19 0.54 0.55 −0.29 0.08 0.34
µD∗−s →D−s γ 0.20 −0.50 0.15 −0.15 0.20 −0.51 0.10 −0.21
µB∗+→B+γ −1.80 0.55 −0.34 −1.58 −1.80 0.58 −0.30 −1.52
µB∗0→B0γ 0.99 −0.16 0.17 1.0 0.99 −0.19 0.14 0.95
µB∗0s →B0sγ 0.65 −0.39 0.13 0.38 0.65 −0.39 0.11 0.36
µD¯∗0 1.48 −0.71 0.40 1.18 1.48 −0.40 0.40 1.48
µD∗− −1.31 0.21 −0.21 −1.31 −1.31 −0.07 −0.24 −1.62
µD∗−s −0.96 0.50 −0.16 −0.62 −0.96 0.47 −0.21 −0.69
µB∗+ 1.93 −0.55 0.34 1.71 1.93 −0.52 0.36 1.77
µB∗0 −0.86 0.16 −0.17 −0.87 −0.86 0.13 −0.19 −0.92
µB∗0s −0.51 0.39 −0.13 −0.25 −0.51 0.38 −0.14 −0.27
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full widths of D¯∗0 and D∗−s are estimated to be 77.7+26.7−20.5 keV
and 0.62+0.45−0.50 keV, respectively.
In this work, we also calculate the magnetic moments of
the D∗ and B∗ mesons. Our results agree with the predictions
of bag model [20, 22] and NJL model [33]. The magnetic
moments of heavy vector mesons are good platforms to probe
their inner structures. For example, the magnetic moment of
D¯∗0 should be zero if we use the classical formula µ = e2mS
(where e, m and S denote the charge, mass and spin, respec-
tively). The large anomalous magnetic moment of D¯∗0 clearly
demonstrates that it is not a point particle.
In summary, we have systematically studied the radiative
transitions and magnetic moments of charmed and bottom
vector mesons with χPT up to O(p4). Our numerical results
are presented up to this order with different scenarios. The
LECs a˜, a and b in the O(p2) Lagrangians are estimated with
the quark model and resonance saturation model, respectively.
We notice the one-loop chiral correction plays a very impor-
tant role in mediating the (transition) magnetic moments. Our
result indicates the quark model prediction is not enough to
describe the magnetic properties of the charmed and bottom
vector mesons. The quark dynamics of the light degree of
freedom that is related with the spontaneous breaking of chi-
ral symmetry is non-negligible.
The present investigations of the radiative decays of D∗ and
B∗ shall be helpful to the future measurement at facilities such
as BelleII and LHCb. Furthermore, the analytical expressions
derived in χPT shall be helpful for the chiral extrapolations
of lattice QCD simulations on the electromagnetic transitions
and magnetic moments of heavy vector mesons.
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Appendix A: Some supplemental materials for the B∗ mesons
The transition form factors from Figs. 1(a) and 1(b) for the
B∗ mesons read
µ′(a)B∗+→B+γ =
8
3
(3a + 2a˜), (A1)
µ′(a)B∗0→B0γ =
8
3
(3a − a˜), (A2)
µ′(a)
B∗0s →B0sγ =
8
3
(3a − a˜), (A3)
µ′(b)B∗+→B+γ = −
32
9
(m2K − m2pi)(3d˜ + 3d¯ + 4d), (A4)
µ′(b)B∗0→B0γ = −
32
9
(m2K − m2pi)(3d˜ + 3d¯ − 2d), (A5)
µ′(b)
B∗0s →B0sγ = −
32
9
(m2K − m2pi)(−6d˜ + 3d¯ + 4d). (A6)
The magnetic moments from Figs. 4(a) and 4(b) for the B∗
mesons read
µ(a)B∗+ =
4
3
e(−2a˜ + 3a), (A7)
µ(a)B∗0 =
4
3
e(a˜ + 3a), (A8)
µ(a)
B∗0s
=
8
3
e(a˜ + 3a), (A9)
µ(b)B∗+ =
16
9
e(m2K − m2pi)(−3d˜ + 3d¯ + 4d), (A10)
µ(b)B∗0 =
16
9
e(m2K − m2pi)(−3d˜ + 3d¯ − 2d), (A11)
µ(b)
B∗0s
=
16
9
e(m2K − m2pi)(6d˜ + 3d¯ + 4d). (A12)
The flavor dependent coefficients C(x)φ in Eqs. (40)-(47) and
Eqs. (68)-(76) for the B∗ mesons are listed in Tables XII-XIII
and Tables XIV-XV, respectively.
Appendix B: Loop integrals
Here, we show the detailed forms of the J functions used
in the text. One can find the complete forms in Ref. [58].
i
∫
dDlλ4−D
(2pi)D
1
l2 − m2 + iε ≡ J
c
0(m), (B1)
i
∫
dDlλ4−D
(2pi)D
lαlβ
(v · l + ω + iε) (l2 − m2 + iε) ≡ [vαvβJa21 + gαβJa22] (m, ω), (B2)
i
∫
dDlλ4−D
(2pi)D
lαlβ
(v · l + ω + iε) [v · l + δ + iε] (l2 − m2 + iε) ≡ [vαvβJg21 + gαβJg22] (m, ω, δ), (B3)
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i
∫
dDlλ4−D
(2pi)D
lαlβ(
l2 − m2 + iε) [(l + q)2 − m2 + iε] ≡ [qαqβJF21 + gαβJF22] (m, q), (B4)
i
∫
dDlλ4−D
(2pi)D
lαlβ
(v · l + ω + iε) (l2 − m2 + iε) [(l + q)2 − m2 + iε] ≡ [gαβJT21 + qαqβJT22 + vαvβJT23 + (q ∨ v)JT24] (m, ω, q),
(B5)
where q ∨ v ≡ qαvβ + qβvα. The J functions defined above
can be calculated with the dimensional regularization in D di-
mensions. In the following, we write out the expressions of
the used J functions.
Jc0(m) = 2m2L +
m2
16pi2
ln
m2
λ2
, (B6)
Ja22(m, ω) = 2ω
(
m2 − 2
3
ω2
)
L +
1
16pi2
∫ 0
−ω
∆˜ ln
∆˜
λ2
dy +
1
24pi
A˜3/2, (B7)
Jg22(m, ω, δ) =

1
δ−ω
[
Ja22(m, ω) − Ja22(m, δ)
]
if ω , δ
− ∂
∂xJa22(m, x)
∣∣∣∣
x→ω(or δ) if ω = δ
, (B8)
JF22(m, q) =
(
m2 − q
2
6
)
L +
1
32pi2
∫ 1
0
∆¯ ln
∆¯
λ2
dx, (B9)
JT21(m, ω, q) = 2ωL +
1
16pi2
∫ 1
0
dx
∫ 0
−ω
(
1 + ln
∆
λ2
)
dy +
1
16pi
∫ 1
0
A1/2dx, (B10)
where ∆˜ = y2 + A˜, A˜ = m2 − ω2 − iε; ∆¯ = x(x − 1)q2 + m2 − iε; ∆ = y2 + A, A = x(x − 1)q2 + m2 − (ω − xq0)2 − iε.
L is defined as
L =
1
16pi2
[
1
D − 4 +
1
2
(γE − 1 − ln 4pi)
]
, (B11)
where γE is the Euler-Mascheroni constant 0.5772157. We
adopt the MS scheme to renormalize the loop integrals, which
is equivalent to making use of the following relation,
{X}r = lim
D→4
(
X − L ∂
∂L
X
)
+
1
16pi2
lim
D→4
(
∂
∂D
∂
∂L
X
)
, (B12)
where {X}r represents the finite part of X.
Appendix C: Estimating the light quark mass with vector meson
dominance model
In general, the transition form factor of V → Pγ at the
leading order can be parameterized as follows,
µ′Q¯q = QQ¯
1
ΛQ¯
− Qq 1
Λq
, (C1)
where QQ¯ and Qq denote the charge matrices of Q¯ and q, re-
spectively. ΛQ¯ and Λq are the mass parameters that can be un-
derstood as the masses of the constituent quarks in the quark
model. Heavy quark symmetry guarantees ΛQ¯ ≈ mQ¯ (see the
discussions in Ref. [51]). However, the photon coupling to the
light quark part of the electromagnetic current is not fixed by
the heavy quark symmetry, thus the Λq is not a “well-defined”
constant, its value is largely model dependent to some extent.
Here, we adopt the vector meson dominance (VMD) model
[3, 16] to estimate the value of Λq.
In the VMD model, the light quark part of the electromag-
netic current 〈P|J`µ|V〉 can be expressed as follows by inserting
the light vector resonanceV,
〈Pa(p′)|J`µ(q2)|Va(p, εV )〉 = iea
∑
V,λ
〈0|q¯aγµqa|V(q, ελV)〉
q2 − m2V
×〈Pa(p′)V(q, ελV)|Va(p, εV )〉,
(C2)
where the 〈PaV|Va〉 vertex is given in Eq. (54) (A diagram-
matic presentation of Eq. (C2) is shown in Fig. 6). The matrix
element 〈0|q¯aγµqa|V(q, ελV)〉 can be calculated by assuming
the SU(3) symmetry with
〈0|q¯aγµqa|V(q, ελV)〉 = fVεµVTr(VT a), (C3)
where fV and εV denote the decay constant and polarization
vector of the light vector meson, respectively. (T a)lm = δalδam,
and a = 1, 2, 3 for u, d, s, respectively. The fV can be deter-
mined by the electromagnetic decay V → e+e−. fρ = 0.17
GeV2 for the ρ meson, and fφ = 0.25 GeV2 for the φ meson
[16].
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vq m
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FIG. 6: A diagrammatic presentation of the vector meson dominance
model. The thick wiggly line in figure (a) denotes the light vector
meson ρ or φ, the solid square denotes the coupling vertex of photon
and light vector meson. Other notations are same as those in Fig. 2.
Following the same procedure in obtaining Eq. (53), one
can get
Λ−1q = 2
√
2gvλ
√
mV
mP
fV
m2V
, (C4)
where the values of gv and λ are the same as those in Eq. (58).
One can obtain Λq by considering the SU(3) breaking effect
in Eq. (C4), eventually,
Λu = Λd = 0.366 GeV, Λs = 0.596 GeV. (C5)
These values are very close to the mu, md and ms given in Eq.
(59).
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